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‘, SUPPRESSION OF INTERCHANNEL INTERFERENCE IN FM RECEIVERS

Frank A. Cassara and Harry Schachter
Polytechnic Institute of New York
Route 110

Farmingdale, New York 11735

Abstract

In this work an FM detector capable of suppressing the degrada.don‘

in receiver performa.nc‘e due to the presence of an interfering signal is pre-
sented. Optimum receiver structures based on maximum-a-posteriori esti-

| mation procedures are first theoretically derived and then a practical de-
modulator based on the optimum .receivers is examined. The receiver consists
of two phase-locked loops (PLL) cross coupled in such a manner as to permit.
one PLL to lock on to and track the stronger received FM signal while the
other loop tracks the weaker of ‘the two received FM signals. The detector
has the capability of dernodulating both the desired received FM as well as
the interferer even for the case when both signals are co-channel. Experi-
mental results demonstrating such capability even in the presence of strong
input gaussian noise are presented along with a computer simulation study
examining the transient acquisition behavior of the cross coupled PLL receiver

structure.

.
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5 at the same ratio when the carrier

" to neise ratio of 12dB to lesa than 10
strength of the echo is only 30% of the dominant path signal. Similar degra-
~- - - dations were-experimentally obtained by Gutwein and Bland (%) as well as
-S;lfen-inﬁ bu;:combe.:(") . P’;nt?r ™M illl -shown how FM multipa;th phase
errors in an analog FM system can lead to significant:errors in range mea -

‘sarements.

-

Interfering signals can arise in the following general areas:

1. Co-channel Interferer:

(a) neighboring transmitters sharing the same frequency band.

An example of this is the mutual interference that exists between
communication satellites and terrestrial microwave communication
links.

(b} spurious signals such as an image channel in a snperhetarndyne
receiver.

(c) multipath echoes resulting from reflections off buildings or
other obstructions,

2. Adjacent Channel Interferer:

(a) 1nadequate selectivity in the receiver's IF filter.
(b) "crowding' in the radio frequency spectrum,

(c) spurious signals.

To date the most popular technique in suppressing interferers has been
steerable antenna null techniques. Such arrays establish spatial nulls in the
direction of the interferer(s) and have been successful in suppressing a variety

_of interferers. However, steerable antenna null techniques have experienced

a number of problems. Among these include:
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{1) when the sour~e of interference comes from the same direction
as the desired signal both the interferer and desired signal are
nulled. -

(2) when the interferer to desired signal carrier amplitude ratio

approaches unity the performance of the system dégrades severely. -

{3) military personnel have opposed the use of multiple antenna elements

in some applications.

(4) aéquiaition time for the antenna array to attack the jammer can be

rather long for some algorithms.
(5) wide bandwidth nulls have been difficuit to obtain.

In this paper a novel FM detector which has demonstrated capability in
suppressing the degradation in receiver performance due to the presence of
an interfering signal and not experience the difficulties enumerated for the
steerable antenna null techniques is presented. First the evolution of the detector
structure through maximum-a-posteriori (MAP) estimation procedures is de-
monstrated; an optimmum (though unrealizable) receiver structure is derived. Then,
experimental results on a detector designed by copying the topology of the optimum
Teceiver structure are presented along with a‘computer simulation study examining

the transient acquisition behavior of the cross coupled PLL receiver structure.



I. Maximum-A-Posteriori Optimum Receiver

Consider a received FM signal with the interchannel interference

and additive gaussian noise which may be represented mathematically as

v(t) = sl(t) + sz(t) +n(t), o<t<T
where
. t ~
cos (wlt + Jf m, (u) du)

sl(t) = A1

ot \
Sz(t) = A2 cos (wzt +J mz(u) du/

n{t) 'is white gaussian noise with zero mean and normalized two
sided power spectral density of 1 watt/Hz.
ml(t) is the desired signal modulation
m,(t) is the modulation on the interfering FM wave.
Al and Az are assumed constant
rnl(t) and mz(t) are assumed to be independent stationary gaussian
processes with zero mean and autocorrelation le('r) and an (t) .

We designate

t
xl(t) =J. ml(u)du

This converts the FM waves sl(t) and sz(t) into angle modulated waves

with xl(t) and xz(t) as modulating signals. It is seen that xl(t) and xz(t)

1)

(2)

(3)
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are also mutually independent zero mean gaussian random processes,
Let the autocorrelation functions of xl(t) and xz(t) be denoted by R, (r)

1
and Rx (7 .

\:e now derive a MAP receive: for the optimum recegtion of
ml(t). Van trees(a) has proved that a linear operation on the MAP
estimate of a continuous randcm process is equal to the MAP estimate
of the output of the linear operation performed on the random process.
Therefore MAP estimation of xl(t) and subsequent differentiation of
the estimate il(t) will give the MAP estimate r?xl(t) of ml(t). We
follow this procedure. We use abstract vector space methods

(9)

throughout as develcped by Schwartz We do not indicate the time-
dependence of variables in the interest of brevity unless where explicitly
necessary,

(9)

The controlling relation for MAP estimation of xl(t) is

3 (qlv) 4 (4)

!
where p(xl |v) is the conditional probability density function of x, given the
received signal v(t). Eq.(4) can be written in the following equivalent form

3 logp(x,|v) _
33? 1 =0 (5)

Using the reiation
P (x, [v) =p (v |x)) - p(x))lp (v)
&nd

dp(v)
X

=0

P . et & P rcemer. -~ - |
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we Obtain

The evaluation of the two parts of Eq. (6) are given in Appendix A. The
solution of Eq. (6) for xl(t) is the MAP estimate which we denote by :‘El(t) and

as shown in Appendix A is given by

N T d8, _
(1) = klfo Rxl(t. u) = (v - 3,)du (7)

where kl denotes a constant, Rxl(t. u) is the impulse response of a low Pa-ss

filter, and ?2 represents the minimum mean squar2 estimate of sz(t).
According to Eq. (7) the MAP estimate :‘El(t) can be obtained from the

phase-locked loop structure shown in Fig. 1 with ?z-ﬁfas an external input,

In a similar manner estimating xz(t) instead of xl(t) we obtain

R P 532 -
X, (t) = kzjo sz(t. u) = (v - s))du (8)

This is a receiver identical to Fig. 1 except that 32 is replaced by -s'l and

Rx (tyy) is replaced by R_ (t,u). If we assume ;l and -s'z are suitable estimates
1

of 31 and 32. respectively, i, e., the m. m.s. e. are approximately equal to
the MAP estimates, then the receiver of Fig. 1l and its equivalent for obtain-
ing ;Z(t) can be coupled to obtain a comprehensive receiver with no unknown 1
inputs. Recalling that in the case of FM, the modulation functions are
ml(t) = kl(t) and m,(t) = kz(t) and replacing the phase controlled voltage o
contr.lled oscillator (VCO) of Fig.!l by a frequency controlled VCO, such a

cross coupled FM receiver appears as in Fig. 2. It must be emphasized that

only when ;l(t) = -s'l(t) and sz(t) = ?z(t) will this receiver be optimum.

S i el G R e A X et Sy AL A oo e e At m 2 i+ e oAb e — i - -J




((1)'%+1

(1) + +'m) s00 'y =(4)'S

o)

S T P O AP PP S UURRIPTOP VS WP AU U

e~ L dS e

R R s

10}D||19SO P3}1044u0) 3sdyd :0Id

%
utg ly— = e —

00d

Tsp

A:-c—xm

A*V_X‘llk..lli
v .

et b A b

e bt

Fig. 1 Optimum Receiver for x,(t)

7




1
ST bt e ks e a»--j
L YV it e e it cars ok ik, . ‘IJ

of Interchannel Interference

Fig.2 Novel FM Detector for Suppression

) (np (ny) Nsm.\‘" (4% :.VNE .ﬂwm._ﬂ k
(np(m)Pu [+ msv,__mg_l.wwlm 02A
| . S
np (') Wy .Tf.: ly 0JA
. s- :
?Ei_mh\*.\.t._...av:_m _<|n__Wm | o L)'y A |

4d 1

ﬂn’?}l:?i.l.gn e ——.— ek L an




?
F
is

In order to conduct experimental evaluation a physical receiver struc-
ture based on the topology of Fig.2 was coustructed. In the physical receiver
h,(t, u) and h,(t, ) are replaced by realizable low nass filte~s of suitable banci-
widths as shown in F"ig. 3. The principle of operation can be described as follows:
assume the input signal consists of a frequency modulated carrier plus a fre-
quency modulated inter{srer. Phase-locked loop (PLL) #1 locks on to and tracks

(by the capture effect) the stronger of the two received IFM signals but its

voltage controlled oscillator output signal (VCO#1) lags by approximately

90° . An additional 90° phase shift is introduced by phase shifter #2 so

that the signal appearing at phase shifter #2's output is 180° out of pha‘se

with respect to the stronger received signal. By proper adjustment of p
the gain constants of summer #2 the stronger received §ignal is cancelled
leaving only the weaker of the two received FM signals at the input .'to PLL #2.
The instantaneous phase of VCO #2 output signal tracks the instantaneous
phase of the weaker signal but lags by 90° . An additional 90° phase shift

is introduced by phase shifter #1 producing a signal at the output of phase
shifter #1 which is 180° out of phase with respect to the weaker of the two
received'FM signals. The weaker signal can thus be cancelled at summer

#1 leaving only the stronger signal appearing at the input to PLL #1. Since
this novel detector has two separate outputs --namely the outputs of the
individual phase-locked loops it possesses the capability of demodulating

both the stronger and the weaker received signals even though they may be
co-channel and share the same frequency band. This is a task impossible

with any of the conventional FM detectors since they all obey the well known

capture effect.
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[II. Experimental Study

In this section we describe an extensive experimental study conducted on

the cross coupled PLL FM demodulator to determine its capabilities and limita~

tions in suppressing numerous types of interfering signala. Fig. 4 describes the

experimental zet-up used to evaluate the performance of the cross coupled PLL
system. The desired FM carrier and interferer were producesd by Clarke-Hess
function generators. The information signals were simulated by periodic wave-:
forms also obtained from function generators. For those experimental tests re-

quiring random noise a General Radio broadband gaussian noise generator was

amployed.

cal bandpass filter centered at the desired signal's carrier frequency and desigued

with a bandwidth equal to the desired signal's bandwidth. The FM test signal was
used to drive the limiter-discriminator and the novel FM detector simultaneously
so that a direct comparison between the two receivers could be made.
discriminator employed was the General Radio pulse count discriminator and the

p ost detection filters used were Krohn-Hite low pass filters with a 4 pole Butter-

worth design.

— -

INFORMATION m LOW PASS
SIGNAL GENERATOR UM-018C FILTER
. {(CLARKE-HESS) (6R) [-louu-mm
INFORMATION rm <
SIGNAL GENERATOR --G%)—. .
o2 (CLARKE ~HES Y
RECTANGULAR ass
J:;?m BAND PASS |_jNoveL 7w wn'n.m |
e FILTER oETECTOR [ i
{COLLINS) A NN~ ._

-Fig. 4" Biock Diagram of Experimental Set-up
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In the first experimental taat performed the cross coupled PLL receiver
was driven by a 2C0ki{z FM 3inusoidal carrier plus a co-channel 200kHz FM
interferer. No random noise was included in this initial test. The desired car~
rier was [requeiicy modulated by a 100Hz sinusoid while the interferer was fre-
quency modulated by a 200Hz triangle wave. The peak frequency deviation of both
carriers was 8kHz. The interferer to desired carrier amplitude ratio, denoted
by the symbol n, was set at 1/2. Each ouiput was filtered by identical 10kHz
bandwidth pust detection low pass filters which was less than the bandwidth of
either PLL, The oscillogram of Fig. 5 describes the response of the novel FM
detector and limiter discriminator when simultaneously driven by such a test
signal. The upper trace in this oscillogram describes the limiter-discriminator
output which, by the capture effect, desmodulates the stronger received signal
and hence has as its output the 10CHz sinusoid. In addition, it contains notice-
able distorvon due to the presence of the co-channel interferer. The second
trace describes the output of phase-locked loop #1 in the novel FM detector which
has been designed to track the stronger carrier and therefore it too has as its out-
put the 100Hz sinusoid. However, as you can see, the distortion due to the pres-
ence of the interferer is suppressed considerably. The lower trace describes the
output cf phase-locked loop #2 which is designed to track the weaker carrier and
hence has as its output the 200Hz triangle wave. The results of this figure re-
veal that the cross coupled PLL can demodulate both the stronger and weaker FM
carriers with considerable improvement over the limiter-discriminator even
though the received signals are co-channel and share the same frequency. Similar
results were obtained for the adjacent channel interferer problem where a sepa-

ration exists between the two carrier frequencies.

12
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- PLL 2 OUTPUT

Fig.5 Response of Lim-Disc. and Novel FM detector with n=10.5

In the next experimental test performed the desirsd FM carrier was corrupted

by additive narrowband gaussian noise in addition to the co-channel FM interferer.
Fig.6 describes the results of this test. The stronger received carrier-to-noise
ratio (CNR) measured at the input to each detector .vas 8.7 dB in this test, the
weaker CNR was 2.7dB, and the weaker to stronger carrier amplitude ratio, again
denoted by the symbol n, was set at 1/2. The results of this oscillogram reveal
that the novel detector can demodulate both the stronger and weaker received FM
signals despite the rather strong input noise(leg;rironm ent. The presence of noise

impulses commonly referred to as "clicks” in the detected output signals re-

veals that both receivers are operating below their FM threshold level.

Similar tests were performed by replacing the periodic information
signals with music signals derived from the outputa of two cassetts tape re=
corders. In this test the post detaction low pass filter outputs were used to
drive an audic power amplifier with a. speaker load. Subjective evaluation tests
were then performed comparing the limiter-discriminator and novel FM detector
cutputs. The novel detector succassfully separated and tracked the stronger and
weaker received carriers over the range 0.1 < n < 0.9 with noticeable improve~
ment over the limiter-discriminator even for the cass when the received carrier
to noise ratios fall below the FM threshold level.
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' —— LIM-DISC OUTPUT

‘~—PLL # | QUTPUT

~—PLL #2 OUTPUT

RESPONSE OF LIM-0ISC AND NOVEL FM DETECTOR
WITH INTERFERER AND NOISE

7=0.5 ; CNR= 8.7dB
TIME AX!S ZMSEC/ DIV

F:Lg 6 Performa.nce of the novel detector in the presenca of noise.

The next tast' performed‘ Telates to the mult:i.ple interferer pr_ob}_em,
i e., separating out and demodulating 1 of M co-chaunel signals. Experi-
- mental stud:.es thus fzr have spec:alized to the ca.se of M=3 uamg the re~ ... -

__C.%Y_ef..it?:!ﬂf,uzs.s_&qvn_;n_f‘ig-.‘.,-_The_tkee.;mt_g;gmls used in this tast_ ..

were 455 kHz co-chamel FM carriers. each with a peak frequency deviation of T
7 kHz, The strongest carrier s, was-a 19V peak-to-peak signal frequency modu-
lated by a 100 Hz sinuscid. The second strongest carrier s, was 13V peak-to-
peak in amplitude and frequency modulated by a 200 Hz triangle wave and the weak-
est of the three input signals s 3 was 3V peak-to-peak in amplitude and frequency
modulated by a2 400 Hz square wave. Each PLL ocutput was filtered by a 6 kiz

post detection low pass flter. As can be seen from the block diagram shown

the system employs two cross coupled PLL detectors and is designed to oper-

ate as follows: PLL #1 is designed to traci the strongest carrier s while

PLL #2 locks on to and tracks the resultant signal 3, +3;. The second novel

FM detector then separates s, and s,. Similar schemes could be designed for

| 14 |
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M larger than three by employing more novel FM detectors. The detected out-

o put signals observed are shown in Fix.8._As can he_seen successful demodu- .

lation of all three received co-channel signals was achieved. No random noise

"was included in this test. The distortion appearing in the detected outputs {(par-
ticularly the weakest channel) is due to the presence of the other co-channel
signals, .

summen ¥ § LOW PASS DEMODULATED
| "S}’ &2 FILTER . QUTPUT#
90° PHASE . PLL¥
SHIFTER
#*
RECEIVED SIGNAL: vco#|
 veo¥2
80° PHASE
SHIFTER PLL¥*2
*2
é _ LOW PASS  DEMOCULATED
' - FILTER OUTPUT#2
SUMMER ¥2
#
‘SU"MER 3 [LOW PASS _ DEMODULATED
FILTER QUTPUT#3
90° PHASE
SHIFTER pLL¥*3
#3
vco¥
| veo 2
90° PHASE
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~'FigsT  Receiver structure for detecting 3 co-channel FM signals
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Fig.8 Detected Outpuis for Multi-le Interferer Experiment

Cross Coupled PLL with Amplitude Control Loops

The basic cross coupled receiver structure can be modified as shown in
Fig. 9 to incorporate amplitude demodulators which estimate the instantaneous
amplitude of the two received signals while the phase locked loops simultaneously
estimate the instantaneovs Fhase of these input co-channel signals. Such a de-
tector pussesses the capability of suppressing a CW, AM, FM, or AM/FM inter-

ferer.
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‘ Fig. 9 Block diagram of cross coupled PLL with amplitude control loops
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Hardware was also designed and constructed for this cross coupled PLL
with amplitude ccutrol. A block diagram description is shown in Fig. 10. The
design incorporai.s Tektronix AM/FM function generators for the PLL voltage
controlled oscillators. A transistor switch was used for the phase detector and
was driven by the VCO constant amplitude square wave output terminal. The
quadrature AM/FM sine wave VCO ocutput provides the necessary cancellation
signal. Active OP-AMP filters were used for the loop low pass filter. Average
envelope detectors were employed for the amplitude control loops. Successful
separation and demodulation of the received co-channel signals were obtained for
the cases of CW, AM, FM, combination AM/FM, pulsed RF, and noise inter-
ferers, With the hardware designed CW interferers could be as much as 20dB
stronger than the desired signal while AM/FM interferers with 100% AM modu-
lation index could be accommodated with interferer signal strengths as much as
10dB stronger than the desired signal. Other types of interferers yielded inter-
mediate results between 10 and 20dB. ‘

AM/FM Interferer

An oscillogram revealing a typical result for the AM/FM interferer case
is illustrated in Fig. 11. The upper trace in the oscillogram describes the AM/FM
interferer frequency modulated by a 100Hz sinusoid with peak frequency devia-
tion of 8kHz and simultaneously amplitude modulated by a 50Hz sine wave. The
second trace represents the constant amplitude desired signal frequency modu-
lated by a 200Hz triangle wave also with a peak frequency deviation of 8kHz.
Both the interferer and desired carrier frequencies were 200kHz and thus the
two received signals were co-channel. The lower two traces describe the demodu-
lated outputs of PLL #1 and PLL #2, respectively, filtered by post detection
Krohn-Hite low pass filters of 2kHz bandwidth., The results reveal successful
separation and tracking of the input co-channel signals. Both PLLs were second
order loop designs.
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Fig. 10 Block diagram of hardware implementation of cross coupled PLL
with amplitude control.
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0.2v7cM NAVAVAVAWANAWATAN «— PLL #2 OUTPUT

Fig. 1l Oscillogram of cross coupled PLL input and output signals for case
of secord order loops with AM/FM interferer.
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Pulsed RF Interferer

The response of the cross coupled PLL with amplitude control tu a pulse
RF Interferer is illustrated in Fig. 12. Here the desired signal was frequency
modulated by a 200Hz triangle wave. We note from Fig. 12 that during those time
intervals when the pulsed RF interval equals zero, PLL #1 output contains the
{zequency modulation of the received weaker desired FM signal. This occurs
because the cancellation of the weaker received signal at the input of PLL #1
is never perfect. Ths residue left over after cancellation is demodulated by
PLL #1 accounting for the PLL #1 output shown.

Noise Jammer

The response of the cross coupled PLL with amplitude control is shown
in the oscillogram of Fig.13. In this case random gaussian noise of 20kHz band-
width is used to frequency modulate a carrier. The response of the demodulator
demonstrates once again successful separation and demodulation of each received

co-channel F'M signal.

«—DPulsed RF Interferer
Lcarrier=200kHz; AM
modulation ra‘ = 50Hz)

<4~ Desired FM Signal [{ =
200kHz;Afe8kHz:f_=230Hz
triangle

<4 PLL#] output

\/‘\ o % ‘\\/'\/ '« PLL#2 output

Fig.12 Response to Pulsed RF Interferer
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'i Generation of Noise Jammer

:

i

‘ .

E— Low Pase M

: »Filter > {—> Noise Jammer
BW= 20kHz Modulator | -

|

:

E

i

; 10v/cm—p Noise Jammer [gaussian

3 noise frequency modulation, ;
BW=20kHz, AfRMS=4kHz RMS]
; 10v/cm —p & Desired FM[Af=8kHz pk;

f_' 200 Hz triangle]

[r 0.2v/cm- <« PLL #1 output

E 0.2v/cm» 4 PLL #2 output

F —3p 5 msec/cm

]

]

Fig. 13 Response of cross coupled PLL with amplitude control to FM
signal corrupted by a noise jammer
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IV. Computer Simulation Study -of Transient Acquisition Behavior of the
Cross Coupled PLL Receiver

In order to determine the PLL parsmeters which insure successful ac-
quisition and separation of the two received FM signals, a theoretical analysis

of the transient acquisition behavior of the cross~-coupled PLL systemn was con-
ducted. Such an analysis was carried out taking into account PLL order, rela-
tive bandwidths of the two PLLs, low pass loop filter parameters, amplitude

ratio of the two received FM carriers, frequency deviation, and FM modulation
index of the individual carriers.

The normalized defining coupled nonlinear differential equations for the
novel FM detector of Fig. 3'are derived in Appendix B and are given below:

dey . :
I = o [sin(d; - @) + msinly, - 9,)
(9)
-n sin(cpz - CDI)] * hLl(T)
4@, : :
I a,lsin(y, - 9,) + n sinly, - o))

(10)
- sin(p) - $,) )% hy,(7)

where

4‘1 and "“'2 denote the phase modulation of the stronger and weaker received FM
carriers respectively.

) and %, represent, respectively, the phase modulation of VCO #! and VCO #2.

“m1

a =5 where ©i denotes the equivalent first order loop static hold-in-range

N
of PLL #1 and

Wi denotes some selectable "normalization frequency".

G
o, = G'E a, where G, and G, are, respectively, the dc gains of the PLL low
1

pass filters.
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n denctes the ratio of the weaker to stronger carrier amplitudes and hLl(t)
and hLz(t) are the impulse responses of each PLL low pass 